The cardiac atria of mammals contain peptides, designated atrial natriuretic factors, or atriopeptins, that cause vasodilation and natriuresis (1) . These factors have common sequence elements (2) (3) (4) (5) (6) , and cloning of the cDNAs for these peptides suggests that they share a common precursor (7) (8) (9) (10) (11) . ANF is found in specific atrial granules (12, 13) and is thought to be released, in response to atrial stretch, to act on target organs including the adrenal gland, brain, and kidney (14) . The numbers of ANF-containing granules (15) and plasma ANF levels change with altered body fluid balance and blood pressure (16, 17) .
Receptor binding sites for ANF have been characterized in homogenates of aorta (18, 19) , kidney (18) , and adrenal gland zona glomerulosa (20, 21) . In preliminary studies, ANF receptors have been localized by autoradiography in brain (22, 23) , adrenal gland zona glomerulosa (24) , and glomeruli of the kidney (24) . In the present study, we use in vitro autoradiography to localize ANF receptors discretely within the kidney, adrenal gland, and choroid plexus of the brain. These selective localizations may explain the diverse, coordinated actions of ANF. We also demonstrate changes in numbers of ANF receptors in response to altered fluid balance, revealing a reciprocal interaction between ANF levels and ANF receptors.
MATERIALS AND METHODS
125I-labeled rat ANF- [125I-ANF-(1-28); 2200 Ci/ mmol], labeled at the carboxyl-terminal tyrosine, was obtained from Russell Garlick at New England Nuclear Dupont (Boston, MA). Unlabeled rat ANF- (26, 27) .
Stability of 125I-ANF. To ensure that the ligand was unchanged by the incubation conditions, aliquots of the 125i-ANF solutions, before and after incubation with tissue sections, were analyzed on a Brownlee RP300 HPLC column. Solution A was 0.1% trifluoroacetic acid and solution B was 0.1% trifluoroacetic acid/95% acetonitrile. The flow rate was 2 ml/min. A linear gradient was followed to 50% solution B in 60 min, and 2-ml fractions were collected. The ligand was eluted as a single peak both before and after incubation with tissue sections (data not shown), demonstrating the stability of the ligand in our incubation conditions. Animal Models. ANF receptors were examined in tissues from a variety of experimental paradigms. For all injections, control animals received an equal amount of vehicle.
Water deprivation and salt-loading. Sprague-Dawley rats were dehydrated by withholding water for 1, 3, or 5 days. Additional rats were salt-loaded by substituting 2.0% NaCl Abbreviations: ANF, atrial natriuretic factor; SHR, spontaneously hypertensive rats. *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. mg/kg body weight) dissolved in sesame oil as described (19) . Hypophysectomy. Hypophysectomized and sham-operated Sprague-Dawley rats were obtained from Charles River Breeding Laboratories. Hypophysectomized rats were maintained on 0.9% NaCl, whereas sham-operated rats were given normal drinking water.
Dexamethasone treatment. Dexamethasone (0.25 mg/kg of body weight) in 0.9% NaCl was injected subcutaneously into Sprague-Dawley rats for 10 days.
Lithium treatment. Sprague-Dawley rats were injected subcutaneously with LiCl (20 mg/kg of body weight; equivalent to approximately 3 meq/kg of body weight) daily for 12 days. Additional animals 'were injected with NaCl (3 meq/kg). The average serum Li' level for LiCl-treated rats was 1.2 mM 7 hr after injection on day 12. Serum Lit levels for NaCl-treated and control rats were undetectable.
Diabetic rats. Sprague-Dawley rats were injected through the tail vein with streptozocin (Zanosar) (Upjohn) (65 mg/kg of body weight) in 0.9% NaCl. Blood glucose levels rose from control levels of approximately 100 mg/dl to 470 mg/dl after streptozocin treatment. Animals were sacrificed 28 days after injection.
Adrenalectomy. Sprague-Dawley rats, adrenalectomized or sham-operated as described (28) (Fig. 1) . Under higher magnification, silver grains were localized directly over glomeruli (Fig. 2) detected similar localizations in rabbit and guinea pig kidneys (data not shown).
In the adrenal gland, highest concentrations of 125I-ANF binding sites were localized in the zona glomerulosa of the cortex. Lower levels were found in the zona fasciculata and zona reticularis, whereas no binding was found in the adrenal medulla (Fig. 3) .
In the brain, others have observed binding of 125I-ANF to several regions, including the subfornical organ and the area postrema (22, 23, 29) . We detected weak binding of 1251-ANF to these areas but did observe binding to the choroid plexus (Fig. 4) increase in Bma, with no change in the Kd (Fig. 6) . In adrenal glands, water deprivation augmented receptor levels-with detectable effects at day 1 and an increase to approximately 125% of control levels by day 5. Salt-loading by substituting 2.0% NaCl for drinking water for 7 days lowered kidney receptor levels by 20% (Table 1) . Similarly, receptor levels in diabetic rats were 80% of control values. Several endocrine treatments failed to alter ANF receptor levels substantially. These included adrenalectomy and treatment with desoxycorticosterone acetate. In addition, no differences in receptor levels were detected in either homozygous or heterozygous Brattleboro rats or in SHR (Table 1) .
DISCUSSION
The localizations of ANF receptors we observe resemble the preliminary results of others (18) (19) (20) (21) (22) (23) (24) 29) and may explain the physiological actions of ANF. Receptors in renal glomeruli may mediate the natriuretic effects of ANF through an increased glomerular filtration rate (30) (31) (32) . Other studies suggest that ANF acts on the renal medulla (33) and redistributes blood flow through blood vessels of the kidney (32) . Such actions may be secondary to ANF-elicited glomerular Autoradiograms of 121I-ANF binding to control and water-deprived rats were prepared as described and quantitated by using a computer-assisted image analysis system. A minimum of 10 randomly selected glomeruli were quantitated for two kidneys from each of four rats for each treatment time point. The values shown are means ± SEM.
Water deprivation increased glomerular receptors gradually and was statistically significant in 5 days.
events. Alternatively, there may be two subtypes of renal ANF receptors as suggested by physiological experiments, indicating a subtype mediating natriuresis and a second that affects renal blood flow (34) . The incubation conditions and relatively' long wash times used in this study optimize high-affinity binding to glomeruli. Shorter wash times greatly increase low-affinity binding in the renal medulla and inner portion of the renal cortex (unpublished observations), and others have detected binding in the renal papilla (24) . These sites may represent receptors with substantially lower affin- ity for 125I-ANF labeled in the carboxyl-terminal tyrosine but with a high affinity for native ANF. ANF receptors in the zona glomerulosa of the adrenal gland presumably explain ANF inhibition of the synthesis and secretion of aldosterone from the zona glomerulosa (35) (36) (37) (38) , possibly by inhibition of adenylate cyclase (39) .
Receptors for ANF have also been localized to blood vessels (18, 19) , the ciliary body of the eye (22, 40) , and several regions of the brain including the subfornical organ and area postrema (22, 23, 29) . In addition, we find high concentrations of ANF receptors in the choroid plexus of the brain. The subfornical organ, area postrema, and choroid plexus are outside the blood brain barrier and should have access to circulating ANF. These regions, all implicated in regulating fluid balance, may represent target organs for circulating ANF.
The localizations of ANF receptors throughout the body demonstrate how ANF can act in a variety of tissues to control fluid balance and blood pressure. In some locations, the receptor distribution of ANF receptors parallels that of angiotensin receptors, while their physiological effects oppose each other (Table 2 ). In the adrenal gland zona glomerulosa, ANF inhibits aldosterone secretion while angiotensin II promotes its secretion (41) . ANF causes vasodilation, and angiotensin II provokes vasoconstriction (41) . Antidiuretic hormone secretion is also controlled by ANF and angiotensin, with ANF inhibiting (42) Proc. Natl. Acad Sci. USA 83 (1986) Proc. Natl. Acad. Sci. USA 83 (1986) 3361 also found in the uterus (52) where ANF binding has not been reported.
We observe a dynamic relationship between plasma levels of ANF and ANF receptor numbers. Water deprivation, which depresses plasma ANF levels and ANF synthesis (16) , markedly augments receptor number in the kidney and adrenal. Conversely, increased levels of circulating ANF in salt-loaded rats decrease receptor levels.
Spontaneously hypertensive rats show little change in ANF receptors even though these animals have increased levels of circulating ANF and increased responsiveness to ANF (21) . The reason for this observation is unclear, although the SHR used in our study are younger than those used for many other studies (21) . We do observe a small decrease in renal ANF receptors in animals made diabetic through streptozocin treatment, suggesting that levels of ANF receptors may be decreased in at least one form of hypertension.
